INTRODUCTION
Acute lymphoblastic leukemia (ALL) cells reside in the local microenvironment of the bone marrow and are able to disrupt normal hematopoietic stem cell niches 1 . The disrupted, so called leukemic, niche is essential in initiating and facilitating leukemogenesis [2] [3] [4] [5] [6] . In addition, the leukemic niche protects leukemic cells from elimination by immune responses and chemotherapeutic agents, and can facilitate the development of drug resistance of leukemic cells [7] [8] [9] [10] . Therefore, the disruption of the ALL-leukemic niche interaction offers a promising new therapeutic strategy [11] [12] [13] [14] [15] [16] . However, it is still largely unclear how crosstalk occurs within the leukemic niche, and how this drives leukemic cell survival and chemotherapy resistance.
before and after co-culture with flow cytometry (BD Bioscience, San Jose, CA, USA) or confocal microscopy (see below).
Confocal laser scanning microscopy
For high resolution images, differentially stained cells were cultured on a glass slide coated with 10 µg/mL fibronectin (Sigma) at 37 °C and 5% CO 2 . Cells were fixated as previously described 33 . Confocal images were acquired with sequential scanning of different channels at a resolution of 1024 x 1024 pixels in the x x y plane and 0.15 µm steps in z-direction (Leica SP5).
For time-lapse confocal imaging, cultures were maintained at 37°C on a heated stage at 5% CO 2 and images were acquired with sequential scanning of different channels at a resolution of 512 x 512 pixels in the x x y plane and 0.5 µm steps in z-direction. 3D image stacks were acquired by optical sectioning using the LAS software provided with the instrument. The system was equipped with a 63× plan-apochromat oil 1.4 NA DIC objective. The pinhole diameter was set to 1 airy unit (95.5 μ m). DiO and DiI were excited with a 488-nm Argon laser and a 561-nm DiodePumped Solid-State laser, respectively. Phalloidin-FITC (Sigma) was excited with the 488-nm Argon laser. Image processing was done with Fiji software 34 .
TNT inhibition
TNTs were inhibited using actin inhibition by latrunculin B (125 -500 nM; Sigma) or cytochalasin D (250 nM -1 µM; Sigma) 20 , by mechanical disruption via gentle shaking of cell cultures (250 rpm) 21, 35 , or by physical separation of leukemic cells (cultured in a 3.0 µm poresized insert) and MSCs (cultured in the bottom compartment of a transwell system; Corning, NY, USA) 21, 36 . 
Multiplexed fluorescent bead-based immunoassay (Luminex)
Primary leukemic cells and leukemic cell lines were co-cultured with primary MSCs with or without TNT inhibition (shaking or transwell condition) for indicated time points at 37 °C and 5% CO 2 . Next, the supernatant was collected and cell viability of leukemic cells was assessed as described above. The concentration of 64 cytokines/chemokines in supernatants of ALL-MSC co-cultures was analyzed using a fluorescent bead-based immunoassay (Luminex Human Cytokine/Chemokine Panel I and II; Merck Millipore) according to the manufacturer's protocol.
Statistical analysis
Student's t-test was used as a statistical test and a Student's paired t-test was used when applicable (indicated in figure legends). Bar graphs represent the mean of biological replicates.
Error bars show as standard error of the mean (SEM). 
RESULTS

BCP-ALL cells use TNTs to effectively signal to MSCs
TNT formation within the hematopoietic niche was studied by confocal microscopy and flow cytometry. TNTs are thin membrane tethers and can be visualized using lipophilic carbocyanine dyes 20, 21 . These dyes stain lipophilic structures in the entire cell, and exhibit very low cell toxicity, while passive transfer of these dyes is negligible. Therefore, these dyes are widely used in live cell tracking experiments 1, 37 . Interestingly, it has been shown that organelles and membrane components stained by these dyes can be actively transported via TNTs 20 . Therefore, these dyes were used to visualize intercellular communication via TNTs within the leukemic niche.
Differential staining of NALM6 BCP-ALL cells (stained with DiI-yellow) and mesenchymal stromal cells (hTERT-MSCs; stained with DiO-green) revealed that TNTs were formed within 3 hours of co-culture ( Figure 1A , supplemental Figure 1M -P). 3D reconstruction of these images shows that nanotubular structures between cells do not connect with the substratum (i.e. the fibronectin-coated glass slide; see supplemental Video 1A-B and supplemental Video 2). As expected, staining with Phalloidin-FITC shows the presence of F-Actin filaments in these nanotubular structures (see supplemental Figure 1Q -R). Importantly, bidirectional transfer of lipophilic dyes was observed, indicating active crosstalk within the leukemic niche ( Figure 1A ).
Besides formation of TNTs between leukemic cells and MSCs, TNT networks and transfer of lipophilic dye was also observed in mono-cultures of BCP-ALL cells and MSCs (supplemental Figure 3A -C for gating strategy). After 6 hours of culture, more than 50% of the MSCs were positive for DiI. This number increased to > 85% after 24 hours, highlighting the efficient dye transfer from leukemic cells to MSCs ( Figure 1B and supplemental Figure 3D ). In reciprocal experiments we also observed dye transfer from MSCs to BCP-ALL cells, but the magnitude of dye transfer was strikingly less than from ALL cells towards MSCs (175-fold, p-value . Therefore, we also physically separated ALL cells and MSCs using a transwell system, to exclude the effects of increased integrin signaling. We used a 3.0 µm transwell system to also investigate the contribution of extracellular vesicle signaling to lipophilic dye transfer. In this transwell system leukemic cells are physically separated from
MSCs, while exchange of extracellular vesicles (30-1000 nm) is still possible. Cytochalasin D Figure 1E -F and supplemental Figure 3E -F). Due to the short half-time of these actin inhibitors 40, 41 , TNT formation was restored within 24 hours (supplemental Figure 3E-F 
TNT signaling is important for the survival of primary BCP-ALL cells
Several studies have shown the importance of the microenvironment for the survival of malignant cells, but without elucidating how 46 . In order to study the effect of TNT signaling on leukemic cell viability, we used ex vivo co-cultures of primary BCP-ALL cells and primary
MSCs (see table S1 for BCP-ALL subtype information, Figure 
Inhibition of TNTs sensitizes BCP-ALL cells to prednisolone
We investigated whether inhibition of TNT signaling also affects the response of leukemic cells As of yet, no agents are available that induce specific inhibition of TNT signaling, but our data point to the importance to develop such agents. TNT signaling can be disrupted through shear stress, applying a physical distance between the cells, actin inhibition, and in some cases tubulin inhibition. In additional experiments, we observed that tubulin inhibition did not inhibit TNT signaling between BCP-ALL cells and MSCs (data not shown). The common building block for all TNTs reported in literature is F-actin, making it an obvious target for TNT disruption. Actin inhibitors are derived from fungi, plants and sponges, which developed these toxins as a defense mechanism. Consequently, these compounds inhibit TNT formation ( Figure   1E -F) and induce cell death (data not shown). Therefore, it is important to develop more specific and less-toxic small molecule inhibitors that target elements of the actin cytoskeleton important for TNT formation. We propose our primary patient-derived ex vivo model system as a highly suitable platform to identify such inhibitors. Once identified, these TNT-specific agents will allow us to investigate TNT signaling also in vivo.
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